A rice floral organ mutant, srs2, derived from a spontaneous mutation, was first discovered in a japonica rice variety GNZ. The mutant displayed various abnormalities in floral organ including longer paleas/lemmas, split spikelets, palea/lemma-like lodicules, two florets of the same rachilla, a decrease in stamen number, and an increase in pistil number. Moreover, the seed-setting rate of the mutant was also reduced to 9.8%. Observations of the floral organ morphogenesis by a scanning electron microscope (SEM) in the mutant indicated that the development of androecium and gynoecia was abnormal and an additional floret and several palea/lemma-like lodicules were usually formed by the irregular development of the floral meristem. Genetic analysis of 4 F2 and 2 BC1F1 populations showed that the mutation was controlled by a single recessive gene, and designated as srs2 (spit rice spikelet 2). Screening of 643 F2 mutant individuals derived from the cross of srs2 × 202R with simple sequence repeat (SSR) markers demonstrated that SRS2 is located between the molecular marker S31 and L75, at a distances of 0.07 and 2 cM, respectively, on chromosome 3. The SRS2 gene was also discussed to be a new floral organ identity gene in rice.
Introduction
Floral organ development plays an important role in the transition of vegetative to reproductive phase, and is di-
Materials and Methods

Plant Materials
The mutant material srs2 was derived from a spontaneous mutation of the japonica rice variety GNZ, other wild-type rice lines such as 202R, G630, M63 and 9311 were also used for phenotypic characterization or construction of segregated populations. All materials were offered by Rice Research Institute of Sichuan Agricultural University.
Anatomic and Paraffin Section
Floral structures of the mutant and wild-type plant were observed under an optical microscope before flowering. Pollen fertility was investigated after staining with 1% I2-KI solution [23] . Anthers of the florets were placed on slides with I2-KI solution and nipped into pieces with forceps to spill out pollen grains. Then, pollen fertility was estimated according to its morphology and its staining gradation under a microscope [24] [25] .
Paraffin sections were prepared using the method of Li et al. [25] with some modifications. Spikelets at various developmental stages were collected and fixed in FAA (5% formaldehyde, 5% acetic acid, and 45% ethanol) for approximately 24 h at 4˚C. Spikelets were washed in low concentration ethanol (10%) and stained in 10% hematoxylin solution for 24 -48 h. The stained samples were dehydrated in a series of liquid ethanol degradations from 30% to 100%, incubated in dimethylbenzene twice, dipped in paraffin for 7 days, and subsequently embedded in new paraffin. The paraffin was sectioned into pieces with 8 µm in thickness. The perfect slides were deparaffinized in xylene and sealed by Canadian Resin. The images were taken under Olympus light microscopes BH-2.
Scanning Electron Microscopy (SEM)
Scanning electron microscopy was performed according to Feng [26] and Mizukami et al. [27] with some modifications. Young panicles at the floral organ differentiation stage were fixed in 3% glutaraldehyde solution for 24 h at 4˚C, dehydrated in a series of liquid ethanol degradations (25%, 50%, 70% and 100%), and incubated in ethanol-isoamyl acetate mixture for 1 h. The samples were then dried and coated with gold powder. The goldcoated specimens were finally examined and photographed with SEM (JSM-35CF, JEOL, Japan) at an acceleration voltage of 25 kV.
Genetic Analysis of the Mutation
Srs2, using as female parent, was crossed with G630, M63, 9311, 202R and 527R, respectively, in Wenjiang, Sichuan province, China, in the summer of 2004. In the winter of the same year, the F 1 plants were then self-crossed or backcrossed with the mutant to generate F 2 or BC 1 F 1 populations in Linshui, Hainan province, China. In 2005, all the segregated populations were planted in Wenjiang, Sichuan province, China. After flowering, all individuals in the segregated populations were subjected to flora organ investigations and the ratios of mutant versus normal individual were recorded for genetic analysis.
DNA Extraction and PCR (Polymerase Chain Reaction) Screening
The total rice genomic DNA was isolated according to the method of Wang and Fang [28] and Zuo et al. [23] with modifications. Powdered rice leaves were first incubated with the extraction buffer (100 mM Tris-Cl; 50 mM EDTA; 500 mM NaCl; 1.5% SDS; pH 8.0) at 65˚C, and then phenol-chloroform extraction and alcohol precipitation were performed.
PCRs were performed in a final mix of 20 µL containing 50 ng template DNA, 2 µL 10× reaction buffer (with 1.5 mM Mg 2+ ), 0.2 mM dNTP mixture, 0.2 µM of each primer, and 1 unit of Taq DNA polymerase. The thermal profile was as follows: 94˚C for 5 min, 35 cycles of 94˚C for 45 sec, 55˚C for 45 sec, and 72˚C for 1 min, and a final extension at 72˚C for 7 min. PCR products were separated on 3% agarose gels.
Molecular Mapping of the Mutant Gene
All the parents were screened with 512 pairs of SSR primers (sequences were released by GRAMENE, http://www.gramene.org/microsat/ssr.html, and synthesized by Shanghai biotechnology Co. Ltd.). The most polymorphic population was selected for gene mapping. The polymorphic markers in the two parents were first analyzed in a small population including the 2 parents, 4 of the F 2 wild-type plants, and 6 of the F 2 mutants. Then markers selected from the small population were further utilized to screen the total of 643 mutant individuals in the same segregated population for linkage analysis. Subsequently, several publicly available SSR markers in rice genome, located in the neighborhood of the linked marker, were obtained from GRAMENE (http://www.gramene.org/microsat/ssr.html) and surveyed with the same method to get the detailed mapping information. To fine-map the locus for the mutation, based on the known rice genomic sequences provided by the TIGR (http://rice.plantbiology.msu.edu/), new SSRs, InDels, and CAPS markers were developed [29] . Data were collected and transformed according to the requirement of MAP MARKER 3.0 software [30] , by which the linkage map was constructed.
Results
Morphology of the Mutant
No obvious differences were observed between the mutant and the wild type rice before heading time. The difference appeared intuitively (Figure 1(A) ) after heading time. Compared with the wild type rice (Figure 1(B) and Figure 1(E) ), the mutant showed that the palea and lemma was longer, the top of the palea/lemma was split and erected, and the pistils and stamens were abnormal both in the number and in the appearance (Figure 1(C) ). Moreover, several palea/lemma-like organs between palea and lemma and one or two florets from the same rachilla were observed in the mutant (Figure 1(F) ). After flowering the palea and lemma were desiccated gradually and the palea/lemma-like organs finally became needle-like structures. The seed-setting rates of the mutant decreased to 9.8% and approximately 3.5% of the flowers generated twin-seeds (Figure 1(G) ). Given that a rice floral organ mutant SRS (spit rice spikelet) was reported previously with similar phenotypes to the present one [7] , we named it srs2.
Anatomical observations of the mutant revealed that about 60% of the spikelets had two incomplete florets. The lodicules were transformed into palea-like and lemma-like structures and acted as partitions of the two in- Through I 2 -KI staining and microscopic observation, we found that the pollen grains in the mutant were apparently less than that in wild type rice, and the staining gradation in the mutant was pale (Figure 4(A) ), while in the wild type rice (Figure 4(B) ), the overwhelming majority of the pollen grains were deep stained. According to the morphology and the staining gradation, the pollen fertility of the mutant was estimated to lower than 20%, while that in the wild type was approximately 92.3%. It was proposed that the low seed setting rate of the mutant was attributed to the combinatorial activities of the low pollen fertility, the abnormal development of pistils, the decrease in stamen number, and the water loss of female organs caused by the opened spikelets.
Floral Organ Morphogenesis
The process of floral organ morphogenesis was investigated under a scanning electron microscope (SEM). At the early period of the flower development, the floral primordium of mutant developed irregularly (Figure 5(D) ), while the floral primordium of wild type appeared spheroidal (Figure 5(A) ). At the stage of stamen and pistil primordium differentiation, the mutant differs from one or two florets which were finally generated from the same rachilla. At the beginning of stamen differentiation, five stamen primordia of the wild type were formed synchronous, while the development of the stamen closed to the lemma was slightly tardier. (Figure 5(B) ). In the one-floret type mutant flower, the stamen primordium was not observed and the whole floral primordium developed irregularly to form a triangle structure (Figure 5(E) ). While in the two-floret type mutant flower, one half of the floret primordium ( Figure 5(J) ) shrinked from one side (Figure 5(K) ) and formed a spindle-shaped structure ( Figure 5(L) ). At the middle stage of stamen and pistil primordium differentiation, the stamens primordial were distributed evenly around the carpel in the wild type rice (Figure 5(C) ). In the one-floret type mutant flower at this stage, stamen primordium and carpel were formed irregularly (Figure 5(F) ), and several The spikelet has one incomplete floret which consists of one pistil and four stamens and series of palea and lemma-like structures; (C) The spikelet has one incomplete floret consists of one pistil and five stamens, several palea and lemma-like structures and a calus-like structure (arrowhead); (D) The spikelet has one pistil, three stamens and four abnormal lodicules; (E) The spikelet has two florets, a pair of palea and lemma-like structures and three lodicules. Each floret consists of one pstil and two incomplete stamens; (F) Longitudinal-sectioned wild-type spikelet. The wild-type spikelet has glumes, palea and lemma, a pair of lodicules, six stamens, and a pistil; (G)-(J) Longitudinal-sectioned srs2 mutant spikelet; (G) The spikelet has two incomplete florets and several palea and lemma-like structures. One floret consists of one pistil and three stamens. Another floret consists of a calus-like structure (arrowhead) and three stamens; (H) The spikelet has three pistils; I, the spikelet has one incomplete floret which consist of one pistil and three stamens; (J) The spikelet has two incomplete florets and some bulged tissues (arrowhead) between the two florets. hyperplastic lodicules (Figure 5(G) ) close to the lemma were generated around the pistil primordium ( Figure  5(I) ). The hyperplastic lodicules were abnormally developed and finally formed the palea/lemma-like organs (Figure 5(H) ). At this stage, apparent constriction were formed at the center of the floral primordium in the two-floret mutant (Figures 5(M)-(O) ), and as a result the floral primordium began to split unequally and subsequently formed two separate asymmetric floral primordia. Furthermore, several palea/lemma-like structures were then generated from the constriction and formed the partition between two florets (Figure 5(P) ). Finally, the two separate primordial underwent stamen and pistil primordium differentiation to generate two florets from the same rachilla (Figure 5(R) ).
Genetic Analysis of the Mutant Gene
During the heading stage, individual plants in the F 1 and F 2 progenies from the crosses between srs2 and other normal rice lines were investigated. In the 4 F 1 progenies, all plants exhibited the wild-type phenotype, suggesting that the mutant trait was recessive. In the 4 F 2 populations, all the segregation rates of wild type and the mutant plants fit the ratio of 3:1 (X 2 < X 2 0.05,1 = 3.84); and additionally, in the 2 BC 1 F 1 populations, the segregation rates fit the ratio of 1:1 ( Table 1 ) (X 2 < X 2 0.05,1 = 3.84). The data was analyzed Chi-square test [23] . Therefore, the mutant trait was controlled by a single recessive gene, and termed srs2 (Spit rice spikelet 2).
Molecular Mapping of the Mutant Gene
The polymorphisms between srs2 and other rice lines G630, M63 and 202R, respectively, were examined with 512 SSR markers and the most polymorphic population, srs2/202R, was selected for genetic mapping. First, a total of 121 SSR polymorphic markers were selected and used to survey in a small population including the 2 parents, 4 of wild-type F 2 plants, and 6 of F 2 mutant plants. The result showed that one SSR marker, RM5886, located on chromosome 3, was obviously associated with the srs2 phenotype (Figure 6(A) ). The marker RM5886 was then utilized to survey all 643 mutant plants in the same F 2 population, and revealed 65 recombinants. Thus, RM5886 was verified to be linked to srs2 on one side with a genetic distance of 5.0 cM. Subsequently, other 30 SSR markers, located at the 2000 kbps region around the RM5886 in rice genome, were obtained from GRAMENE and surveyed with the same method. Finally, additional 2 polymorphic markers, RM14649 (located between RM5886 and srs2) and RM1324 (located on the other side of srs2) (Figure 6(A) ), were surveyed and revealed 39 and 3 recombinants, respectively, indicating the genetic distance of 3 and 0.23 cM, respectively.
Based on the known rice genomic sequences provided by the TIGR (http://rice.plantbiology.msu.edu/), other 40 new SSRs, InDels, and CAPS markers were then developed according to between RM14649 and RM1324. Another 3 polymorphic markers, S31 (located between RM1324 and srs2), S12 (located between RM1324 and srs2), and L75 (located between RM14649 and srs2) (Figure 6(A), Table 2 ) were then discovered and revealed 1, 2, and 26 recombinants, respectively, indicating a genetic distance of 0.08, 0.16 and 2cM, respectively. Based on the segregation data, a local linkage map around srs2 was constructed ( Figure  6(B) ), showing that srs2 was located between the molecular markers S31 and L75, at a distance of 0.08 and 2 cM on chromosome 3, respectively. 
Discussion
In the present study, srs2 was proven to have split spikelet, abnormal stamens, palea/lemma-like lodicules, twin floret from the same rachilla, a decrease in stamen number, an increase in pistil number as well as low seed-setting-rate. The results of SEM indicated that the androecium and gynoecia developed abnormally from the early stage of floral primordium differentiation. By applying a chromosome-walking strategy, srs2 was finally mapped to rice chromosome 3 between S31 and L75.
Srs2 Is a New Gene Involving Rice Floral Organ Development
Bai et al. [7] reported a floral mutant, SRS, with the similar phenotype with srs2. SRS has long and soft split paleas/lemmas, an additional floret at the base of the lemma, and 2 palea/lemma-like lodicules. The ultimate difference between the two mutants was that the location and the appearance of the pistils and stamens were normal in SRS, while these organs were seriously affected and displayed malformation in srs2. Srs1 gene was previously mapped between RG450 and RG266 (physically located from 3,476,386 bp to 5,418,449 bp) on rice chromosome 3 [31] . However, srs2 was mapped to another region flanked by the makers S31 and L75 (physically located from 6,027,745 bp to 7,053,941 bp) on chromosome 3. Thus, it could be concluded that srs2 was not allelic to srs1, though the phenotype of the two mutants were very close. Another similar mutant to srs2 was the lhs1 mutant, which has been reported previously with a phenotype of leaf-like transformation of paleas and lemmas, and be controlled by a single recessive gene [15] . In the weak phenotype of the lhs1 mutant, the spikelet consists of leafy palea and lemma, two pairs of palea-and lemma-like structures, fewer stamens, and more pistils. In plants with the strong phenotype, the lhs1 mutation results in generation of new flowers within the spikelet. Jeon et al. [32] subsequently proved that lhs1 is a homeotic mutation in a rice MADS box gene affecting rice flower development. The phenotype of the lhs1 mutant was attributable to the alterations of OsMADS1, and complementation experiment showed that an 11.9-kb genomic DNA fragment containing the wild-type OsMADS1 gene rescued the lhs1 mutant phenotype. For the OsMADS1 was located from 6,031,865 bp to 6,040,484 bp on chromosome 3, within the srs2 mapping region, the full length genomic DNA of OsMADS1 of the srs2 mutant was cloned and sequenced to investigate whether srs2 stemmed from OsMADS1 mutation. Sequence comparison of Nipponbare (a wild-type Japonica rice variety which genomic sequence was publicly available) and srs2 revealed no nucleotide changes in the OsMADS1 gene locus (data not shown). Therefore, it is concluded that the srs2 phenotype was not attributable to the alterations of OsMADS1 and that SRS2 was a new gene controlling split spikelet. According to the rice genomic annotation of TIGR (http://rice.plantbiology.msu.edu/), there were no other MADS box genes in the SRS2 mapping region. An interesting question that arises from this information is that the SRS2 might be a novel type floral development controlling gene. Xiao et al. [33] reported a single C 2 H 2 zinc finger protein, sl1, a closely related gene of Arabidopsis JAG, regulates floral organ identity in rice. Sun et al. [34] has also demonstrated that rice JMJ706 encodes a heterochromatin-associated H3K9 demethylase involved in the regulation of flower development in rice, indicating a novel mechanism of epigenetic modification also works in floral organ identity.
Srs2 Might Be Involved in Various Stages of Rice Floral Organ Development
According to the ABC model put forward from the studies in Arabidopsis and Antirrhinum, sepals are specified by the A class genes, and petals by a combination of the class A and B genes. Stamens are specified by class B and C genes together, and carpels are specified by the class C gene alone. The functions of the class A and class C genes are mutually antagonistic such that loss of the class A gene results in C activity in all four whorls, and vice versa [35] . Rice is a member of the grass family, which is one of the large clade in monocots. The inflorescences in the grass family are distinct to those in dicots. The unique units of rice inflorescence are spikelet, which consisted of one lemma, one palea, two lodicules, six stamens, and one carpel. The flower lacks obvious petals and sepals but instead has distinct structures called the palea and the lemma. In addition, lodicules are small and fleshy organs located at the base of the ovary, and are considered to be homologous to the floral petals of dicot plants. The floral primordium of srs2 mutant might be differentiated into various floral organs irregularly. There were many abnormal lodicules, stamens, pollen grains and pistils in the mutant spikelet, which indicated that the srs2 gene played various roles in the floral organ determination through all the stages of rice floral organ development. Besides, in the srs2 mutant, two separate asymmetric floral primordial were usually formed from the floral primordium and finally generated two florets in the same rachilla. It indicated that SRS2 gene may also play a vital role in repressing the expression of the floral primordium identity gene after the floral primordium was formed. Consistent with the OSMADS1 gene, the SRS2 gene also affected the development of lodicules. There were two reasons leading to the abnormal development of lodicules. First, lacking of srs2 gene resulted in the down-regulation of genes related to lodicule development. Second, these abnormal lodicules were incomplete substitutions of paleas/lemmas (whorl 1) in lodicules (whorl 2) [32] . The characteristics of the srs2 mutants also suggested that the SRS2 gene may functionally interact with the A class gene in rice.
